This paper describes a novel computer simulation that uses evolution to design functioning raphid pennate diatom valves. The model of valve morphogenesis used is based on current theories that highlight the importance of cytoskeletal elements in valve development. An "organic" negative imprint is grown in a grid-based system, using both local and global rules to dictate grid cell states. Silica then diffuses out into all remaining grid cells. This model is shown to generate raphid pennate diatom valves capable of functioning as cell walls. At every stage of development the generated valves are consistent with observations of real diatom valve growth. This model of diatom valve morphogenesis is interestingly similar to the negative technique used by artists in batik painting.
INTRODUCTION
Natural evolution uses processes of development to grow highly adapted organisms. Understanding morphogenesis, the generation of form, will therefore aid the development of well-designed, well-adapted, efficient devices, such as robots, processors, and circuits. Organisms that incorporate inorganic material into their morphology offer a rare and exciting opportunity to learn, from nature, efficient mechanisms for the manipulation of materials for our technology.
Diatoms are single celled photosynthetic protists that thrive in many environments such as seas, lakes, and damp soils. With over 200 000 species, they are the second most diverse group of photosynthetic organisms and produce approximately 20% of the world's carbon fixation. 1 2 Most interestingly they possess an external shell or frustule of amorphous silica that functions as a cell wall. This frustule is made up of two halves, each comprising a valve and a number of girdle bands. Diatom valves are often beautifully patterned, with regularly arranged pores perforating the valves. 3 As a cell wall, the frustule is structurally very strong and resistant to enzyme attack and also functions as a defense against grazing and infection. * Author to whom correspondence should be addressed.
However, some diatoms are susceptible to parasitism by chytrids, oomycetes, and protozoa and infraspecific variation in susceptibility has been observed. [4] [5] [6] [7] Although it is unclear whether there is a consistent point of entry for the parasites. Diatom cell walls confer rigidity and precise shape to the enclosed protoplasts. However, they must also allow the transport of small molecules to and from the protoplast and allow for its expansion during the mitotic cell cycle. 8 Despite a variety of studies over the last few decades, 9 the fine control of nanometer to micrometer scale pattern during diatom valve morphogenesis remains poorly understood. Transmission electron microscopical (TEM) studies reveal that the cytoskeleton (the network of cytoplasmic structural components, including actin filaments and microtubules 9 ) is intimately involved in valve patterning and may also incorporate the use of cytoplasmic organelles or other inclusions as moulds for different valvar components. [10] [11] [12] Schmid 13 suggested that the process of using material to block the deposition of silica is comparable to the negative technique used in batik, where the outline of an image is drawn with wax and the dye only soaks into the cloth where there is no wax. Thus color is incorporated where wax is absent.
Our model is only concerned with the morphogenesis of raphid pennate diatoms, which are of particular biological interest to one of us (E.J.C.) and have not previously been the subject of computer models. It is based on the premise that silica is deposited around organically produced templates, the protoplast effectively generating a negative imprint of the valve pattern. 13 This paper explores the evolution of a negative space mechanism for the manipulation of silica, to produce a functional, patterned shape, similar in form to a raphid pennate diatom valve. Parkinson and co-workers presented a theoretical model, based on diffusion-limited aggregation (DLA), which produced centriclike patterns, 14 although cell biologists would argue that observed patterns are not explicable by the physics of diffusion alone, 8 13 16-18 but that cytoplasmic components and processes are modulating valve morphogenesis.
Valve Morphogenesis in Raphid Diatoms
Two major symmetry groups of diatoms can be recognized, centric and pennate. Centric diatoms usually exhibit radially symmetrical valves, with an annular pattern center, whereas pennate diatoms have approximately bilateral symmetry and an elongate pattern center. 3 Within the pennate group, raphid diatoms are characterized by the possession of a double-slit (raphe) system, which is the elongate pattern center and has an intrinsically asymmetrical mode of development. 18 Diatoms reproduce predominantly by mitosis, each daughter cell producing one new valve (the hypovalve) after cytokinesis but retaining one of the parent valves as the older valve (epivalve) of each daughter. Because the new valves are formed within (and are constrained by) the parent frustule, there is often (but not invariably) a gradual decrease in average cell size over a series of mitotic divisions. 19 20 Within a certain critical size range, diatoms can be induced to reproduce sexually and thereby to restore the maximum size for that species. 7 During formation of the valves, silica is transported to the silica deposition vesicle (SDV) where it diffuses in and adheres to already consolidated silica in an accretive manner. 13 Valve formation occurs in a series of stages (Figs. 1-6 ) that always occur in the same order, although taxon specific patterns are also observed. 21 (The variation in valve morphology between species and the consistency of morphology within species together indicate that morphology is genetically controlled.) Silicification begins with the raphe sternum, first forming a longitudinal rib that curls around as it approaches the cell apices and meets the extending shorter ribs on the secondary side. 3 9 18 The initial position of the SDV and of the raphe system seems to be controlled by the position of the microtubule center (MC), 13 18 whose orientation also sets that of the valve pattern. 13 After enclosure of the raphe slits, ribs of silica (virgae) that will ultimately lie between the striae grow out in a transapical direction, with the cross connections (vimines) developing later to define the pores (Fig. 5 ) 18 22 23 (often between 0.1 and 0.5 m in diameter). As silica polymerizes onto the enclosed forming valve the SDV expands apically and transapically. 24 The sequential formation of virgae, vimines, and fine pore occlusions suggests that areas where silicification is initially prevented by the presence of organic material, e.g., between forming virgae, must subsequently be opened up to allow silicification of the vimines. 8 Tubulin and actin have been implicated in pattern formation, as microtubules and microfilaments are variously associated with the SDV during morphogenesis, 10 24 25 and their inhibition affects the raphe position and pore spacing respectively. 13 26 27 
Cellular Automata
A cellular automaton (CA) is a grid-based, discrete computational system in which every grid cell can be in one of a set of states. A cell's state is changed in accordance with a finite set of rules, relating to the states of the cell's local neighbors, within a given radius (Fig. 7) . The state of every cell in the grid is iteratively updated every time step. For a more thorough introduction to CA's, see Wuensche. 28 CA's have been used to model pattern formation in many domains, such as mammalian coat patterns, 29 microstructures, 30 seashell patterns, 31 embryological pattern formation, 32 and aesthetic pattern formation, 33 mainly because of CA's general property of local interactions producing global, emergent phenomena.
Genetic Algorithm
The genetic algorithm is an evolutionary algorithm used for problem solving (e.g., design 34 35 ) or for modeling natural evolution. Populations of individuals, each individual comprising a genotype and a corresponding phenotype, are maintained by the computer. The fitness of each individual is measured by using a fitness function to assess the quality of the phenotype with respect to some objective or environment. "Better-adapted" individuals are selected as parents that then give rise to the next generation of offspring, inheriting their parents' genes through random crossover and mutation operators. Over a number of generations, the evolutionary algorithm creates individuals with higher fitnesses. For a good introduction to GA's, see Holland. 36 
MATERIALS AND METHODS
The model was programmed in C++ and all experiments were performed on a standard 1.8-GHz PC workstation with graphics programmed in openGL. In the model, the valve is grown in several distinct stages, employing both local and global rules. The parameters involved in these stages, which ultimately govern the shape and patterning of the valve, are evolved to improve the valve's functionality as a cell wall. The model is highly abstracted, the CA having only seven possible states during growth. These states are classed as either "organic" or "siliceous" and so, once the valve has grown, it can be further reduced to a two-state system. The possible states and the class to which they belong are detailed in Table I . All parameters of the model discussed in this section are shown in italics (Tables II and III) .
Valve Growth
The valve is grown on a grid of size 2xMAX × 2yMAX, where xMAX and yMAX are set at the beginning of each experiment. The CA grid has all cells initialized in state 0, meaning "nothing present." This is shown in Figure 8a , where xMAX and yMAX equal 5.
Defining Epitheca Shape
Hypovalve growth in diatoms is almost invariably restricted by the shape of the epitheca, as shown by SEM observations of developing virgae. Virgae are forced to curve and thus form the valve mantle when they impinge upon the epitheca. 21 Epitheca shape must therefore first be defined, although for the purposes of the model an arbitrary shape can be chosen. In order to model the epitheca simply and effectively, epitheca shape is described by a number of points (controlpoints), between which lines are drawn, analogous to placing a rubber band around a set of pins. A more complex shape can be generated by the use of more points. Because many raphid pennate diatoms are both isopolar and bilaterally symmetrical, only the controlpoints in the bottom left quadrant of the grid need to be specified in the genotype. These are then reflected in the x-and y-axes by a translation algorithm enforcing symmetry, to produce the full epitheca outline. The parameter xMIN determines where the x-coordinate of a control point can lie; for example, in Figure 8b this is 5. The first and last third of the control points lie between, but not including, 0 and xMIN/2. Thus xMIN constrains 
the width of the epitheca and also prevents the epitheca having tapered-out ends. The y-axis is divided into equal segments according to the number of control points. The control points each lie in one of these segments. This is essentially a way of generating endlessly different elliptical shapes. In practice, the specific locations of the x-and y-coordinates are given by a decimal value between 0 and 1, specifying, when scaled to the size of the segment, how far from the bottom and away from the y-axis the point lies within the segment. For example (Fig. 8b) , the first control point is specified by (0.6666, 0.6666) in the genotype which, given that the segment is sized 3 × 3, translates as (2, 2) within that segment. Due to the position of the segment, this translates finally as −2 −9 .
Setting the Position of the Raphe
It has been suggested that the presence of a raphe fiber prevents silicification where the raphe slit is forming. 13 The model therefore postulates that raphe slit material (≡ raphe fiber) grows along the y-axis in both directions, starting a certain distance (RapheGap) from a given start point (MC) and within a given width (RapheWidth). Cells within this area with no radius 1 neighbors of state 3 (i.e., not close to the epitheca) have their state changed to 1 meaning "raphe slit material" (Fig. 8c) .
Simulation of SDV Growth and Silica Deposition
All silica deposition occurs within the SDV, and the SDV expands as silica diffuses in and is accreted. 8 9 13 For our model, the SDV is modeled simply as a rectangle with initial corner vertices defined by Eq. (1), where the vertices are labeled a to d clockwise from the top left hand 
Delimitation of Striae
The scenario presented by Schmid 8 invokes the use of spacer vesicles and organic matter to set the position and form of pores that form striae. A certain number (Striae) of blocks of material that mark out the striae are placed at a certain distance (StriaeRapheGap) from the raphe slit and are grown outward from the StriaeRapheGap (≡ sternum) along specific trajectories. This was based on the observation that many pennates have parallel to radiate striae. These trajectories are calculated as follows: start points x1 y1 of the stria trajectory lines are equally spaced along the y-axis at a given distance from the raphe slit (StriaeRapheGap) on both sides. The end points: x2 y2 are calculated in polar coordinates r , where r equals 300 for all experiments. is calculated for each stria by dividing the given 2 radians into Striae equal segments. Then x2 = r cos , y2 = r sin .
Stria material is grown at a given thickness (StriaeWidth) along each line between the respective x1 y1 and x2 y2 until neighbors of radius 2 contain a cell of state 3 (it approaches the epitheca) (Fig. 9a ). For the model, this process has to be initiated almost simultaneously with the SDV to ensure the formation of striae.
Delimitation of Pores within Striae
Pores are defined within striae by the outgrowth of vimines, once the virgae have reached a particular length, depending on the species. 21 For each diatom taxon, mature pore diameter falls within a particular range and pores show consistent spacing along a stria. For the purposes of the model, pore centers are set using a simplified packing algorithm, to generate pore position as in Figure 10 . The pore centers are placed at a given distance (PackingDist) from each other along the first vertical line nearest the y-axis of cells in all striae, then at equal PackingDist and PackingDist/2 intervals from those along the stria trajectory gradient. Similarly, to attain a consistent size for each taxon, pores are assumed to have an ideal radius (radiusIdeal) as the end point of their developmental trajectory. Pores are initialized with size radiusMAX = radiusIdeal + 10, for all experiments, and pore radius decreases as the amount of silica in the cell's local neighborhood increases. The number of cells N of state 2 in the neighborhood of a pore center with radius r = 2 × radiusMAX is calculated every third time step (to save on computation time). This specifies by how much the pore material reduces at each assessment in accordance with Eq. (2).
Once all pore radii are calculated, any cell within the stria that is situated within a pore radius is set to state 6 (pore material). Pore centers, however, remain as state 5.
To aid calculation at the next evaluation, remaining state 4 cells (≡ stria material) are reset to 0. This means that half pores can occur, where the center is within the stria boundary but the radius traverses it. The conversion from decimal distance calculations to integer cell state changes incurs a nonperfect pore arrangement, tantamount to noise (Fig. 9b). 
Computer Evolution of Valve Morphologies
A standard generational GA is used to evolve parameters of the model diatom. Genotypes are initialized randomly, with evolution running for 100 generations using population sizes of 100. Each genotype consists of the 18 genes shown in Table III , relating directly to the parameters for growth shown. Each member of the population is grown and then assessed by the fitness function described in Section 2.2.1. The top 10% of the population become the parents of the next generation. The highest scoring member genotype is transferred unchanged into the next generation (elitism). The other 99 members of the next generation are produced using crossover at a random point in the genotype of two randomly chosen parents (with replacement). All 99 are then subject to creep mutation with a probability of 0.088 88. On average 1.6 genes are mutated per member of the population, which is usual for a standard GA. MRATEi is the creep value subtracted from integer genes. MRATEf is the creep value subtracted from decimal encoded genes (Table II) .
Fitness Function
Diatom cell walls, while protecting the enclosed protoplast against infection, must also allow molecular exchange with the external environment. Circular molecules and pathogens with radii MRADIUS and PRADIUS, respectively, are placed with their centers in each CA cell on the valve. Molecules are allowed to move randomly a set number of times (MTIME), whereas the pathogens remain static. This is to reflect the probability of molecules moving along concentration gradients and diffusing through pores, while pathogen attacks usually occur at much lower frequencies. If no class 1 material (silica) or state 0 (nothing) in all the CA cells in its radius is encountered, passage through the valve is permitted. (The rule about state 0 precludes the formation of impossible valves.) Points, m for a molecule or p for a pathogen, are then awarded.
The fitness is a function of the two processes shown in Eq 3. Fitness is thus higher for a valve that does not allow pathogen entry but still allows the maximum amount of molecular movement. This is a highly simplified model of cell wall function but is used so that the resulting pattern emerges from the interaction of two necessary functions of the valve. It precludes enforcing or unwittingly "pre-programming" the pattern by selecting for a certain arrangement and size of raphe, striae, and pores.
The penalty conditions that set fitness to −20 000 000 are set in order to ensure that impossible valves do not grow or propagate through subsequent generations. To save on computation time, if these penalty conditions are met, valve growth is not allowed to start, analagous to an organism possessing an expressed lethal gene Eq. (3).
RESULTS AND DISCUSSION
In 15 evolutionary runs of the model to maximize the fitness function, the static parameters were set as in Table II (type A runs). The mean fitness was 2093, with standard deviation of 892.13. In a further 10 runs (type B runs), MRATEi was set to a random integer between 1 and 100 and MRATEf was set to a random decimal Valve d has a better score as it has a larger surface area due to a greater xMIN value; it has also grown pores that allow molecular movement but not attack by pathogens (radiusIdeal is between 1.2 and 2.1). Valves e and f are both final generation valves of type B runs. They have far higher scores as the surface area has been maximized while pore size and raphe slit width have been minimized. The number and width of striae is also maximized, while gaps between striae and raphe have been minimized.
between 0 and 1. Mean fitness rose to 5184, with a standard deviation of 1740. Improving the mutation operators allowed populations to reach a higher fitness. A typical evolutionary run took 8-12 h.
Evolved Valves
A cross-section of evolved valves is shown in Figure 11 , and their respective genes and fitnesses are given in Table IV . Both high and poor scoring (low fitness) valves are shown to illustrate the full effects of the evolutionary algorithm. 
Growth Patterns
Setting the initial SDV box slightly to the left of the MC meant that the growth of the primary silica rib (Fig. 12 ) was consistent with EM observations. This emerged from the interaction of silica diffusion local rules, the SDV initial box placement, and the prior placement of raphe material. Gradual decrease in the size of the pore material within the striae allowed the characteristic sequence of virga growth followed by vimen growth to occur. Figure 12 shows the growth of the virgae and vimines, while Figure 13 shows the decrease in size of pore material as silica accumulates around it. An enlarged section (Fig. 14) shows the pore size decrease in more detail. The model has produced growth patterns comparable to those observed in raphid diatoms by EM (Figs. 1-6 ).
Areas for Improvement of the Model
This model is in its early stages and would therefore benefit from further exploration and development. There was no realistic selection pressure on valve outline so the fittest shape for the epitheca was a rectangle, which is very rarely seen in nature. However, an extra component could be added to the fitness function to reward for shear drop shapes, which would cope better with flow. 37 More streamlined shapes may also favor moving over surfaces or through sediments, the typical habitats of most raphid diatoms. Stria trajectories and pore arrangements were similarly oversimplified. They failed to account for the occurrence of parallel, or intercalated, shorter striae and for the uniseriate rows of pores within striae, seen in many raphid diatoms. This could be overcome by the use of a variety of packing algorithms, for example, that new striae could emerge where there is space, rather than being globally positioned. Our CA model would also allow the substructure and pore occlusions seen in many diatom pores to be simulated but would require a larger CA grid. xMAX and yMAX were relatively small, the number of control points was fixed at 10, the packing algorithm was the same throughout runs, and the MC was set to (0,0) to minimize the program run time. However, larger grid sizes allow for more intricate patterning as one cell is translated as one pixel and alternate packing algorithms can be implemented to great effect (Fig. 15) .
It did prove possible to simulate valves in which the raphe does not lie centrally along the long axis, mimicking the situation observed in cymbelloid diatoms, although the model has not modified valve outline. Offsetting the MC offsets the patterning without the need to recalculate or change the model. Figure 15b shows a valve grown with an offset MC where all parameters were set by hand. It would be interesting to investigate these properties in further experiments using evolution.
Although there is currently much interest in the biochemistry of silicification and the nanofabrication of consolidated silica in diatom valves, [38] [39] [40] variation in the form of silica deposited occurs on a finer scale than the valve features with which we have been concerned. Similarly, we have assumed that the position of the SDVs (within the confines of the parent cell) reduces the direct influence of the external medium on silica deposition.
There are several other aspects in which this first model simplifies wall morphogenesis. It was assumed that morphology was primarily controlled by genetics, rather than attempting to incorporate the effects of environmental Figure 12 . The dotted box in the third frame is the section whose growth is shown enlarged in Figure 14 . Figure 13 showing the organic material in the striae (shown in white) reduce down to the radiusIdeal to form the pores, as the amount of silica around it increases; the silica is not shown.
variables on morphology. However, it could also be argued that until we have a clearer understanding of the interaction between the environment and diatom valve morphology it is difficult to set up suitably realistic hypotheses to model. There are relatively few experimental studies of the effects of varying environmental regimes on morphology. [41] [42] [43] [44] [45] [46] [47] [48] Similarly, the fitness function tested does not represent the only factors that affect morphology. Other factors such as locomotion and buoyancy 9 could be incorporated, but the fitness function could easily be extended to include these. Further simulations could also be carried out where the various static parameters are changed. Arguably, the use of developmental genetic encoding would be more biologically plausible than the current genetic encoding and should be explored. It has also been shown that symmetry arises spontaneously in such systems. 49 50 (a) (b) 
CONCLUSIONS
This model has generated raphid pennate diatom valves exhibiting some of the functions of cell walls. At each stage of development the generated valves were consistent with observations on real diatom valve growth. Simulated models are extremely useful for investigating, visualizing, and developing theories of morphogenesis. It is the intention of this paper to inspire further model-based experiments and to try to bridge the gap between the disparate fields of computer science and biology for the exploration of morphogenesis.
The results of this work suggest that nature could manipulate silica in a way similar to how aesthetic patterns are created with Batik.
